Introduction {#sec1}
============

Aggregation-induced emission (AIE) is an important photophysical phenomenon associated with chromophore aggregation, first discovered in 2001 for 1-methyl-1,2,3,4,5-pentaphenylsilole.^[@ref1]^ In this process, nonemitting luminogens are induced to emit by aggregate formation. These so-called AIEgens have found numerous technological applications, for example, in optoelectronic materials, organic light-emitting diodes, photodynamic therapy, chemical sensors, and biomedical probes, and many groups have engaged in the design and study of novel types of AIEgens.^[@ref2]−[@ref4]^

Understanding the mechanism underlying the AIE phenomena is essential to guide the development of novel AIEgens with improved performance and enhanced applicability. In experimental work, several photophysical mechanisms have been proposed to rationalize the AIE processes observed in different AIEgens, including E/Z photoisomerization, restriction of intramolecular rotation (RIR), restriction of intramolecular vibration (RIV), and, more generally, restriction of intramolecular motion (RIM).^[@ref3]−[@ref5]^

Tetraphenylethene (TPE) and its derivatives are prototypical AIEgens.^[@ref6]−[@ref12]^ TPE has a central ethylenic double bond and may thus be expected to undergo fast excited-state decay via E/Z photoisomerization, in analogy to other alkenes. However, it is not entirely clear whether and precisely how this photoisomerization is related to AIE. The origin of the AIE effect in TPE compounds has been studied by several groups through comparative experiments on a number of specifically designed TPE derivatives.^[@ref4],[@ref13]−[@ref17]^ This has led to the notion that isolated TPE molecules in solution dissipate the absorbed photon energy very quickly through rotations of their phenyl rings (friction with the surrounding solvent), leading to radiationless relaxation to the ground state; upon aggregate formation, these rotations become restricted, the nonradiative energy transfer is suppressed, and emission of light is induced (AIE through RIR).^[@ref4]^ This commonly accepted view is appealing and well supported experimentally, but it does not offer a detailed atomistic model of the actual internal conversion process.

A recent theoretical study has explored the excited-state dynamics of isolated TPE through trajectory surface hopping (TSH) simulations using linear response time-dependent density functional theory (TD-DFT) within the Tamm--Dancoff approximation (TDA) at the PBE0/def2-SVP level.^[@ref18]^ During the 1.5 ps simulation, only 3 out of 60 computed trajectories decayed to the ground state via the ethylenic twist pathway (E/Z photoisomerization), while 45 relaxed via photocyclization to ground-state 9,10-diphenyl-4*a*,4*b*-dihydrophenanthrene and 12 remained in the excited state.^[@ref18]^

Here we focus on two particular TPE compounds, namely, the tetramethyl derivatives TPE-4mM and TPE-4oM (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). TPE-4mM is a typical AIEgen because it has a very low fluorescence quantum yield of 0.1% in THF solution^[@ref19]^ and becomes emissive upon aggregation.^[@ref4]^ By contrast, TPE-4oM already fluoresces strongly in THF solution, with a quantum yield of 64% (i.e., an enhancement by a factor of more than 600 compared with TPE-4mM), so that any further increase by aggregation can only be moderate.^[@ref14]^ In the RIR model, this is explained by steric hindrance; the *ortho*-methyl groups in TPE-4oM effectively suppress the rotation of the phenyl rings and hence also the proposed radiationless decay pathway, so that TPE-4oM is able to fluoresce.^[@ref14]^ It is noteworthy that E/Z isomerization was not detected in TPE-4oM^[@ref14]^ and was experimentally found to play only a minor role in TPE adducts.^[@ref15]^

![Two TPE compounds, that is, tetra(*meta*-methyl)-tetraphenylethylene (referred to as TPE-4mM) and tetra(*ortho*-methyl)-tetraphenylethylene (TPE-4oM), studied in this work. Also shown are their fluorescence quantum yields measured in THF solution.](jp-2017-001973_0005){#fig1}

Motivated by these intriguing experimental findings and the need for a detailed mechanistic understanding of the underlying photoinduced processes, we have combined static electronic structure calculations (TD-DFT, CASSCF, and MS-CASPT2) and OM2/MRCI nonadiabatic dynamics simulations to explore the relevant potential energy surfaces of TPE-4mM and TPE-4oM and to study the dynamics of the radiationless internal conversion processes. In particular, we examined the decay paths available to the initially populated excited state and the physical origin of the huge fluorescence enhancement in TPE-4oM relative to TPE-4mM. All present calculations were performed for isolated gas-phase molecules to identify the intrinsic mechanisms, which is a necessary first step toward understanding their behavior in more complex environments.^[@ref4]^

Computational Details {#sec2}
=====================

Ab Initio Calculations {#sec2.1}
----------------------

Ground-state (S~0~) conformers were first optimized using density functional theory (DFT) at the B3LYP and ωB97XD levels.^[@ref20]−[@ref25]^ The state-averaged complete active space self-consistent field (CASSCF) method (equal state weights, two roots) was employed to optimize minima in the S~0~ and S~1~ states. In all CASSCF geometry optimizations of minima and conical intersections, the active space comprised 10 electrons in 8 orbitals, which always included the π, π\* orbitals of the central C=C double bond and phenyl substituents.

More accurate potential energy profiles were obtained from complete active space second-order perturbation calculations (CASPT2).^[@ref26],[@ref27]^ These single-point CASPT2 energy evaluations were carried out by state-averaging over five roots with equal weights, using an ionization potential-electron affinity (IPEA) parameter of 0.25^[@ref28]^ and an imaginary level shift of 0.2 au to avoid intruder-state issues.^[@ref29]^ The Cholesky decomposition technique with unbiased auxiliary basis sets was used to accurately approximate the two-electron integrals.^[@ref30]^

Vertical excitation energies were computed using the CASPT2 method and TD-DFT at the TD-B3LYP, TD-CAM-B3LYP, and TD-ωB97XD^[@ref31],[@ref32]^ levels. The 6-31G\* basis set^[@ref33],[@ref34]^ was used for all CASPT2 and CASSCF minimum-structure optimizations, while the 3-21G basis set^[@ref35],[@ref36]^ was employed for all CASSCF conical intersection optimizations. The following codes were applied: GAUSSIAN09^[@ref37]^ for all DFT and TD-DFT calculations; MOLCAS8.0^[@ref38]^ for all SA-CASSCF optimizations (S~0~ and S~1~ minima, S~1~S~0~ conical intersections) and for all CASPT2 computations (at OM2/MRCI and CASSCF optimized structures)

Semiempirical Calculations {#sec2.2}
--------------------------

All semiempirical calculations were performed using the OM2/MRCI method (orthogonalization model 2, multireference configuration interaction) as implemented in the MNDO99 code.^[@ref39]−[@ref43]^ During geometry optimizations and dynamics simulations, all required energies, gradients, and nonadiabatic coupling elements were computed analytically. Minimum-energy conical intersections were optimized using the Lagrange--Newton approach.^[@ref44],[@ref45]^

In the OM2/MRCI calculations, the restricted open-shell Hartree--Fock formalism was applied in the self-consistent field (SCF) treatment (i.e., the orbitals were optimized for the leading configuration of the S~1~ state with two singly occupied orbitals). The active space in the OM2/MRCI calculations included 12 electrons in 12 orbitals. In terms of the SCF configuration, it comprised the five highest doubly occupied orbitals, the two singly occupied orbitals, and the five lowest unoccupied orbitals. For the MRCI treatment, three configuration state functions were chosen as references, namely, the SCF configuration and the two closed-shell configurations derived therefrom (i.e., all singlet configurations that can be generated from the HOMO and the LUMO of the closed-shell ground state). The MRCI wave function was built by allowing all single and double excitations from these three references.

Nonadiabatic Dynamics Simulations {#sec2.3}
---------------------------------

The nonadiabatic dynamics were studied by performing 1 ps OM2/MRCI TSH simulations. The initial structures and velocities were obtained by Wigner sampling.^[@ref46]^ The number of trajectories starting from a given initial structure was chosen on the basis of the computed S~0~--S~1~ transition probabilities. A total of 600 surface-hopping trajectories were run for TPE-4mM and TPE-4oM, respectively, with all relevant energies, gradients, and nonadiabatic coupling vectors being computed on-the-fly as needed. For points with an S~1~--S~0~ energy gap of less than 10 kcal/mol, the fewest-switches criterion was applied to decide whether to hop. The time step was chosen to be 0.1 fs for nuclear motion and 0.0005 fs for electronic propagation. The unitary propagator evaluated at a midpoint was used to propagate the electronic motion. The translational and rotational motions were removed in each step. The empirical decoherence correction (0.1 au) proposed by Granucci et al.^[@ref47]^ was employed. The final evaluations were done for the 558 and 568 trajectories of TPE-4mM and TPE-4oM that finished successfully and satisfied our energy continuity criterion (no changes greater than 30 kcal/mol between any two consecutive MD steps). Further technical details are given in our previous publications.^[@ref48]−[@ref57]^

Results {#sec3}
=======

Vertical Excitation Energies {#sec3.1}
----------------------------

We first consider vertical transitions in TPE-4oM and TPE-4mM to identify the electronic state that is populated upon irradiation. [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf) collects the computed S~0~ → S~1~ vertical excitation energies at the S~0~ minima of TPE-4mM and TPE-4oM obtained from different electronic structure methods. All of them predict that the S~1~ state is spectroscopically bright and has a large oscillator strength, for example, 0.74 for TPE-4mM and 0.46 for TPE-4oM at CASPT2, so that it can easily be populated. The CASPT2, TD-ωB97XD, and OM2/MRCI methods give very similar S~0~ → S~1~ vertical excitation energies: 101.7, 98.9, and 101.6 kcal/mol (4.41, 4.29, and 4.41 eV) for TPE-4oM and 96.9, 99.2, and 101.1 kcal/mol (4.20, 4.30, and 4.38 eV) for TPE-4mM, respectively. This good agreement is a prerequisite for using OM2/MRCI in excited-state dynamics simulations of TPE-4mM and TPE-4oM. In all three methods, the S~1~ state is dominated by a single HOMO--LUMO excitation; as expected, the HOMO and LUMO are of bonding and antibonding character around the central C=C double bond, respectively, with appreciable delocalization into the phenyl rings (see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf))

S~1~/S~0~ Conical Intersections {#sec3.2}
-------------------------------

At the OM2/MRCI and CASSCF levels, we find two pairs of minimum-energy S~1~/S~0~ conical intersection structures for both TPE-4mM and TPE-4oM, respectively. The two methods give similar optimized structures and energies (see [Figure S3 and Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)). The first pair of S~1~/S~0~ conical intersections mediates the photoisomerization around the central C1=C2 double bond; they are labeled as S~1~S~0~-pyr (C1) and S~1~S~0~-pyr (C2); see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf). In these structures, the central double bond is twisted significantly, and the local environment around either C1 or C2 is strongly pyramidized due to sudden polarization effects.^[@ref58]^ Similar S~1~/S~0~ conical intersections have previously been found in the stilbene, diphenyldibenzofulvene, and TPE AIEgens.^[@ref59]−[@ref62]^

![S~0~ minimum (left), minimum-energy S~1~/S~0~ conical intersections for cyclization (middle), and photoisomerization (right) of TPE-4mM. Also shown are some key bond lengths (in Å) and the C3C1C2C6 dihedral angle (in degree). See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf) for related conical intersections of TPE-4mM and for the corresponding structures of TPE-4oM.](jp-2017-001973_0006){#fig2}

The second pair of S~1~/S~0~ conical intersections mediates excited-state cyclization processes, with formation of either a new C4--C5 or C8--C9 bond. These two conical intersection structures are labeled as S~1~S~0~-cyc (C4C5) and S~1~S~0~-cyc (C8C9),; see [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf). In the case of S~1~S~0~-cyc (C4C5) (see [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}), the C4--C5 distance of the forming bond is already significantly shorter compared with the S~0~ minimum, and in addition, there is a notable decrease (increase) in the C1--C3 and C2--C6 (C3--C4 and C5--C6) bond lengths, as expected for an electrocyclic ring closure to a cyclic diene species.

Energetically, the four conical intersections are close to one another in both TPE-4mM and TPE-4oM (see [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)). For example, at the OM2/MRCI level, the relative energies for S~1~S~0~-cyc (C4C5) and S~1~S~0~-pyr (C1) are computed to be 79.4 and 80.7 kcal/mol for TPE-4mM, and they are 88.0 and 88.6 kcal/mol for TPE-4oM, respectively, with similar values for S~1~S~0~-cyc (C4C5) and S~1~S~0~-pyr (C1). These conical intersections are energetically accessible, in principle, because the vertical S~0~ → S~1~ excitation energies of TPE-4oM and TPE-4mM at the Franck--Condon point are considerably higher (ca. 101 kcal/mol at the OM2/MRCI level; see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)). Does this mean that they play equally important roles in the S~1~ excited-state decay dynamics?

LIIC Paths {#sec3.3}
----------

To answer the question, we first examine the pathways to these S~1~/S~0~ conical intersections. Thus, we present linearly interpolated internal coordinate (LIIC) paths connecting the Franck--Condon points and the two pairs of S~1~/S~0~ conical intersections. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the OM2/MRCI-computed LIIC paths for TPE-4mM and TPE-4oM (see [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf) for corresponding paths from single-point CASPT2 calculations). In the case of TPE-4mM, the S~1~ path toward S~1~S~0~-cyc (C4C5) is barrierless at both the OM2/MRCI and CASPT2 levels so that cyclization should be facile; by contrast, the S~1~ path toward S~1~S~0~-pyr (C1) encounters small barriers of 1.8 (OM2/MRCI) and 8.4 (CASPT2) kcal/mol. Qualitatively similar energy profiles are obtained for the S~1~ paths of TPE- 4 mM toward S~1~S~0~-cyc (C4C5) and S~1~S~0~-pyr (C1) (see [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)). These findings are in line with the known experimental facts for TPE-4mM. First, the observed ultralow fluorescence quantum yield of ∼0.1%^[@ref19]^ is caused by the access to the barrierless S~1~ cyclization path, which quickly dissipates excess photon energy so that fluorescence emission is very weak. Second, the experimental evidence that photoisomerization plays no role or only a minor role in photoexcited TPE compounds^[@ref14],[@ref15]^ is consistent with the presence of a barrier on the computed S~1~ photoisomerization decay path.

![OM2/MRCI-computed LIIC paths connecting the Franck--Condon points and the S~1~/S~0~ conical intersections related to the cyclization and photoisomerization of TPE-4mM (left) and TPE-4oM (right). See the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf) for the corresponding CASPT2 energy profiles.](jp-2017-001973_0001){#fig3}

In the case of TPE-4oM, the energy profiles for the S~1~ cyclization and photoisomerization decay paths have non-negligible barriers, about 3--8 kcal/mol at the OM2/MRCI level ([Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)) and even higher at the CASPT2 level ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)). Therefore, these S~1~ nonradiative decay channels are much less accessible in TPE-4oM compared with those in TPE-4mM, which rationalizes the experimental observation of a much higher fluorescence quantum yield (64.3%) of TPE-4oM in THF solution.^[@ref14]^

Excited-State Dynamics {#sec3.4}
----------------------

To gain more direct insight into the excited-state dynamics, we carried out 1200 trajectory-based surface-hopping (TSH) dynamics runs at the OM2/MRCI level (1 ps each), for both TPE-4mM and TPE-4oM.

For TPE-4mM, 492 of 558 successful trajectories hop to the S~0~ state within the 1 ps simulation time. All of these hops take place near the two S~1~S~0~-cyc (C4C5) and S~1~S~0~-cyc (C8C9) conical intersections, in almost equal number (249 vs 243, [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). It should be emphasized that we do not see any excited-state hops within the 1 ps simulation time via the other two conical intersection regions, that is, S~1~S~0~-pyr (C1) and S~1~S~0~-pyr (C2). This dynamical behavior is fully consistent with the results from the static electronic structure calculations: the S~1~ cyclization decay path is barrierless, while the S~1~ photoisomerization has a barrier of 1.8 kcal/mol at the OM2/MRCI level. The simulations are also consistent with the experimental observation that almost no E/Z isomerization can be detected for other TPE variants.^[@ref13],[@ref17]^

###### Numbers of Started and Successful Trajectories in the OM2/MRCI Dynamics Simulations and the Number of Hops Overall and via Individual Conical Intersections

                            TPE-4 mM   TPE-4oM
  ------------------------- ---------- ---------
  started trajectories      600        600
  successful trajectories   558        568
  hops                      492        0
  S~1~S~0~-cyc (C4C5)       249        0
  S~1~S~0~-cyc (C8C9)       243        0
  S~1~S~0~-pyr (C1)         0          0
  S~1~S~0~-pyr (C2)         0          0

The left panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the distribution of two key geometrical parameters, that is, the C4--C5 and C8--C9 distances, at all S~1~ → S~0~ hopping points of TPE-4mM. It was found that 50.6% of the hops to the S~0~ state occur in the neighborhood of the S~1~S~0~-cyc (C4C5) conical intersection, and the remaining 49.4% occur in the vicinity of the S~1~S~0~-cyc (C8C9) intersection. The S~1~ → S~0~ hopping-time distribution of TPE-4mM is shown in the right panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. During the first 200 fs, there are no S~1~ → S~0~ hops. This time period corresponds to the initial S~1~ relaxation from the Franck--Condon region via the S~1~ minima to the S~1~S~0~-cyc conical intersections. After 200 fs, the trajectories start to hop to the S~0~ state when they get close to the S~1~/S~0~-cyc conical intersections. We see an extended hopping-time distribution, which implies that some trajectories do not hop to the S~0~ state during their first approach to the S~1~/S~0~-cyc conical intersections, but only at a later encounter.

![(Left) Distribution of the C4--C5 and C8--C9 distances at all S~1~ → S~0~ hopping points of TPE-4mM. (Right) Distribution of the S~1~ → S~0~ hopping times via the two S~1~/S~0~ conical intersection regions related to the cyclization (blue and green bars). Average hopping times ⟨*t*⟩ are given for the two channels (blue and green) and for all hopping events (black). Also shown in the right panel are the time-dependent state populations of the S~1~ (dashed line) and S~0~ (solid line) electronic states. See the text for discussion.](jp-2017-001973_0002){#fig4}

The inset in the right panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} depicts the time-dependent populations of the S~0~ and S~1~ states of TPE-4mM during the OM2/MRCI dynamics simulations. As expected from the distribution of the hopping times, the S~1~ and S~0~ populations do not change at the beginning. After 200 fs, they start to change gradually until the end of the simulation, when there are ∼10% of the trajectories surviving in the S~1~ state while 90% have reached the S~0~ state. A fit of the time-dependent S~1~ population in terms of unimolecular rate theory^[@ref48]^ yields an estimate of 566 fs for the S~1~ excited-state lifetime.

Two Typical Trajectories {#sec3.5}
------------------------

In this section, we discuss two typical cyclization trajectories in some detail. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows the time-dependent evolution of two key distances and six key dihedral angles in a typical trajectory for cyclization of TPE-4mM. It starts from a conformation with an initial C4--C5 distance of about 3.130 Å. Upon cyclization, this distance immediately decreases to about 1.8 Å within ∼200 fs, in conjunction with an almost synchronous decrease of the dihedral angles characterizing the phenyl rotations: C1--C2--C6--C5 from −55 to −20° and C2--C1--C3--C4 from −48 to −15°. By contrast, the C2--C3--C7--C1 and C1--C10--C6--C2 dihedral angles merely fluctuate slightly. In this run, the system does not decay to the S~0~ state when it first approaches the S~1~/S~0~ conical intersection region after 200 fs; instead, it oscillates for more than 150 fs (ca. 2 vibrational periods) and then hops to the ground state at 376 fs. Thereafter, the molecule evolves toward the cyclic conformation, accompanied by a decrease of the C2--C3--C7--C1 and C1--C10--C6--C2 dihedral angles until the end of the nonadiabatic dynamics simulations. Panel (2) shows a second typical cyclization trajectory, in which cyclization occurs at the other side of TPE-4mM (formation of the C8--C9 bond). The hopping time and the key geometric parameters show analogous behavior as that in the first trajectory. For comparison, corresponding time-dependent data are presented for a typical trajectory of TPE-4oM in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf) (Figure S7).

![Time-dependent physical variables obtained from typical OM2/MRCI trajectories of TPE-4mM (1 and 2): two key bond lengths (top left); S~1~--S~0~ energy gap (top right); six key dihedral angles (bottom)](jp-2017-001973_0003){#fig5}

Discussion {#sec4}
==========

We first note that, contrary to the situation in TPE-4mM, none of the 568 successful trajectories of TPE-4oM reach the S~0~ state, showing that the S~1~S~0~-cyc and S~1~S~0~-pyr conical intersections are not accessible within the 1 ps simulation time. This is consistent with the existence of non-negligible barriers on the S~1~ excited-state cyclization and photoisomerization pathways at the OM2/MRCI and CASPT2 levels (see above). The propensity to remain in the S~1~ state during the simulations is in qualitative agreement with the experimental observation of a large fluorescence quantum yield in TPE-4oM.^[@ref14]^ The surprisingly different fluorescence quantum yields of TPE-4mM (0.1%) and TPE-4oM (64.3%) are thus linked to the different topology of the S~1~ surfaces and hence to intrinsic properties of these TPE derivatives. For the same reasons, TPE-4oM does not behave as an AIEgen (in contrast to TPE-4mM).

Our simulations suggest that the ultrafast excited-state decay of TPE-4mM does not proceed by photoisomerization around the central ethylenic double bond but instead by barrierless S~1~ relaxation processes toward two S~1~S~0~-cyc conical intersections, which lead to intramolecular ring closure after internal conversion to the S~0~ ground state. This is consistent with the results from a recent TSH dynamics study of the parent TPE molecule at the TDA-TDDFT level, in which the vast majority of the trajectories led to photocyclization.^[@ref18]^

Such photocyclization processes have generally not been considered in experimental studies of TPE-based AIEgens, which mostly advocate an explanation of AIE in terms of restricted intramolecular rotation of the phenyl rings.^[@ref3]−[@ref5]^ On the other hand, photocyclization pathways have been shown to exist in the closely related *cis*-stilbene molecule both experimentally^[@ref63]^ and theoretically,^[@ref64]^ and a corresponding cyclic intermediate has been identified in a photooxidation reaction of TPE.^[@ref65]^ Moreover, photocyclization processes have been characterized in detail in related systems such as *ortho*-terphenyl and its derivatives, in which E/Z photoisomerization is blocked structurally.^[@ref66]−[@ref68]^ All of this evidence supports the notion that photocyclization may indeed be a viable relaxation mechanism in TPE-4mM and more generally in TPE-based AIEgens.

The formed cyclic ground-state isomers of TPE-4mM are thermodynamically unfavorable (see [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)), lying about 30 (39) kcal/mol above the S~0~ minimum of TPE-4mM at the OM2/MRCI (B3LYP) level. Their computed vertical excitation energies are in the range of the visible spectrum (see [Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)) and are much lower than those computed for TPE-4mM (in the UV region; see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)). Therefore, the postulated cyclic S~0~ product of the excited-state decay of TPE-4mM should be detectable by electronic spectroscopy provided that it lives long enough. B3LYP calculations give a substantial barrier of ∼38 kcal/mol for the thermal ground-state ring opening to the S~0~ minimum of TPE-4mM (see [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)), and there is also no sign of ring opening in 200 ps ground-state Born--Oppenheimer molecular dynamics simulations at the OM2 level. However, according to the recent TDA-TDDFT work on the parent TPE molecule, the cyclic S~0~ form is photochemically unstable; upon photoexcitation, it will undergo the reverse ring-opening reaction back to TPE in an ultrafast photoinduced process.^[@ref18]^ Its spectroscopic detection is thus expected to be very challenging experimentally.

Conclusions {#sec5}
===========

Finally, we emphasize again that all present calculations were performed on isolated TPE-4mM and TPE-4oM molecules to gain insight into their intrinsic properties and mechanisms. This has already allowed us to explain their different fluorescence behavior and to understand why TPE-4oM is not an AIEgen. Overlays of the optimized geometries of the S~0~ minimum of TPE-4mM and the relevant S~1~S~0~-cyc conical intersections reveal significant differences (see [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf)), and hence, it seems not unlikely that aggregation of TPE-4mM may block access to these conical intersections and hence to the ground state, thus leading to the experimentally observed AIE behavior of TPE-4mM. Multiscale simulations of aggregates will be required to provide further computational support for this hypothesis.

To summarize, the present study shows that the intrinsic excited-state decay paths of TPE compounds are intimately related to their fluorescence properties and their performance as AIEgens. We hope that the theoretical insights gained will contribute to a better understanding and eventually to an improved design of AIEgens.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpca.7b00197](http://pubs.acs.org/doi/abs/10.1021/acs.jpca.7b00197).Active spaces in CASSCF, CASPT2, and OM2/MRCI computations; numerical results for relative energies and for key geometrical variables; additional LIIC paths; typical trajectory of TPE-4oM; and Cartesian coordinates of all structures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpca.7b00197/suppl_file/jp7b00197_si_001.pdf))
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